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Abstract: This study aims to model road traffic noise levels and estimate the human 
exposure at the 25 districts in the metropolitan Seoul, Republic of Korea. 
The SoundPLAN® Version 7.1 software package was used to model noise levels and 
simulated road traffic noise maps were created. The people exposed to daytime/nighttime 
road traffic noise were also estimated. The proportions of the population exposed to road 
traffic noise in major cities in the EU were also estimated and compared. Eight (8) districts 
show the exceeded rate (percentage of the exposed population exceeding the daytime 
standard) of 20% or more, and eleven (11) districts show 10%-20% and six (6) districts 
show less than 10%, which indicates considerable variation among districts. Two districts 
(Nowon-gu and Yangcheon-gu) show the highest exposure rate during the daytime 
(35.2%). For nighttime noise levels, fourteen (14) districts show the exceeded rate 
(percentage of exposed population exceeding the nighttime standard) over 30%. 
The average percentages of the exposed population exceeding the daytime/nighttime 
standards in Seoul and the EU were 16.6%/34.8% and 13.0%/16.1%, respectively. 
The results show that road traffic noise reduction measures should urgently be taken for 
the nighttime traffic noise in Seoul. When the grid noise map and the 3-D facade noise map 
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were compared, the 3-D facade noise map was more accurate in estimating exposed 
population in citywide noise mapping. 

Keywords: road traffic noise; exposed population; noise map; Seoul metropolitan area 



1. Introduction 

Road traffic is one of the major sources of community noise in metropolitan cities. By 
the estimation of World Health organization (WHO), the population exposed to road traffic noise 
above the acceptable levels of the WHO in EU is more than 30%. The WHO has also recognized the 
environmental noise as harmful pollution that causes adverse effects on human health. Many papers 
indicate that "annoyance and sleep disturbance" are most common symptoms of environmental 
noise [1-4]. It is reported that cardiovascular risk among young healthy individuals has an association 
with road traffic noise annoyance [5]. Numerous studies on the correlation between environmental 
noise and human health have been conducted: road traffic noise and the effect on hypertension and 
heart disease [6], how noise creates annoyance and disturbs sleep [1], the relationship between traffic 
noise annoyance and the indoor sound level [7], a questionnaire -based study on the effect of road 
traffic noise levels and health-related symptoms for women residents of Tokyo [8], relations between 
stress hormones associated with noise and the risk of cardiovascular diseases [9,10], a study on the 
quiet side effect in dwellings [11,12], etc. 

Kurra et al. performed a simulated-environment study to determine the effects of noise levels and 
source type on annoyance responses to different transportation noises and elucidated the significance 
of the source-type effect on annoyance by analyzing a special questionnaire prepared for 
the experiments [13]. Ali et al. measured the equivalent noise levels before and after a ban on horns 
and found that they were reduced considerably by the ban [14]. Recently, Chang et al. developed 
a prediction model to evaluate the road traffic noise levels in urban area of Taiwan and also it was 
validated with the measured values at 42 sampling sites. He also investigated the relation between 
the exposure to road traffic noise and the prevalence of hypertension among 820 residents in 
Taichung, Taiwan [15,16]. 

In 2002, the EU adopted the Environmental Noise Directive 2002/49/EC to assess and manage 
the environmental noise. This directive mandates assessment and management of environmental noise 
exposure by creating strategic noise maps for all major roads, railways, and airports [17]. The standard 
of road traffic noise in EU countries is currently Ld en 65 dB(A), L nig h t 55 dB(A). 

Recently, Ko et al. explored the transportation noise levels using noise prediction models and 
estimated the population exposed to traffic noise levels for an urbanized district of Seoul metropolitan 
city of Korea [18]. Seong et al. modeled the road traffic noise levels using a model implemented in 
the SoundPLAN® and also estimated the human exposure to high noise levels in Fulton County, GA, 
USA [19]. Lam et al. examined the population exposed to road traffic noise in Hong Kong [20,21] and 
Banerjee et al. evaluated factors affecting the level of road traffic noise in an industrial town (Asansol) 
of India [22]. In developing traffic noise maps, two different methods are generally used. Mehdi made 
a direct measurement and created various maps using inverse-distance weighted interpolation 
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method [23]. The other method is to use GIS datasets and the traffic information. Currently the latter 
method is used more frequently due to the accuracy levels [24]. 

Noise monitoring has been performed in Korea for a long time in order to understand the status of 
road traffic noise. However, there were some difficulties in capturing the status and exposure levels of 
road traffic noise at the actual places of residence since the monitoring sites are located near the 
sources of the road traffic noise and are limited in number. The city of Seoul is vulnerable to the 
exposure of road traffic noise since many public apartments are neighboring with major roads. The 
national environmental standards of road traffic noise in Korea are set to \L eq _ day(ish) 65 dB(A), 
L eq , ni g ht(6h) 55 dB(A)]. The management standards are [L eq _ day (i8h) 68 dB(A), L eq , n i g ht(6h) 58 dB(A)]. In 
estimating the exposed population, the exposed noise levels are divided at 5 dB(A) intervals and 
calculated by the percentage of noise level that exceeds the national daytime and nighttime 
environmental noise standards [18]. 

This study predicted the ambient levels of road traffic noise for the Seoul metropolitan area and 
estimated the population exposed to the road traffic noise by districts. The results were then compared 
with the results from the cities of Europe. The GIS datasets (3-D) were collected to estimate 
the population exposed to traffic noise and 3-D traffic noise maps were developed using a modeling 
method. The exposure levels of road traffic noise were estimated by the actual residential area basis. 
The population exposed to the road traffic noise in the city of Seoul was finally estimated by 
combining the above noise data for districts, mean residential areas, and mean residential population. 

2. Methods 

2.1. Study Area and Construction of 3-D Modeling Data 

Seoul, the capital city of South Korea, has an area of 605.25 km with a population of more than 
10 million people and a population density of 16,200/km . It consists of 25 regional administrative 
districts called "gu". High-rise apartments are very popular in Seoul. Since they were constructed near 
the roadside, they are vulnerable to the exposure of road traffic noise. 3-D GIS datasets were prepared 
with contour, terrain, building height, building types, road width and gradient. 

The SoundPLAN® Version 7.1 software package was used to model noise levels. Roads that have 
a traffic volume of more than 2,000 vehicles per hour were selected as noise sources. There are many 
noise prediction models. In this study, we chose a NMPB model developed in France. The factors 
affecting noise transfer to residence such as topography, building shape, absorptions, and radiations 
from noise barriers were modeled according to the ISO 9613 method. Road traffic data such as road 
segments, traffic volumes, vehicle speed and the ratio of large/small vehicles for the surveyed roads 
were acquired from the Department of Transportation and the Police Agency of City of Seoul. 

2.2. Estimation of Noise Levels and the Population Exposed to Noise at Actual Residences Using 
a 3-D Noise Map 

When developing traffic noise maps, two approaches are generally used. One is to make direct 
measurements for selected sites and create a map by the interpolation method. The other is to model 
traffic noise levels using GIS datasets and traffic information. The noise levels are accurate in direct 
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measurement, but there are difficulties in selecting various measurement sites to estimate the exposed 
population in citywide noise mapping. The population exposed to noise can be estimated using the grid 
noise map or the 3-D facade noise map. 

2.2.1. Method Using Grid Noise Map 

This method indicates the grid distribution type of road traffic noise as the noise map as shown in 
Figure 1 . It then determines each area by noise levels. Assuming the population is evenly distributed in 
the area, noise exposed population can be estimated according to area by noise levels divided by 
population distribution. However, this method has some shortcomings. It does not count different land 
use types and uneven population density. 



Figure 1. Grid distribution type noise map in whole Yangcheon-gu. 




2.2.2. Method Using 3-D Facade Noise Map 

This method calculates the amount of exposure by noise levels on each floor of an apartment as 
shown in Figure 2. It then estimates the exposed population using average residential area per person. 
This method is adequate for Korean residential types due to the roadside location. The number of 
occupants in a residential building is calculated by multiplying the building ground area (BGAy) and 
number of floors (iVFy) and then dividing by area per person (i: specific ID of the building,/': building 
type) as shown in the following equation. The population exposed to noise is estimated by multiplying 
the number of floors exposed to noise at regular intervals (5 dB) and the number of people per floor. 

No. of the Occupants = (BGAjj x NF t j) / (Area per 1 person) (1) 

The noise levels are different on each side of the apartment, as shown in Figure 2. Buildings facing 
the roads generally had higher noise levels. In this study, for the estimation of the exposed population, 
the following assumptions were made: (i) target buildings are only residential houses in 
the electronic map (commercial buildings, schools, hospitals etc. were excluded) (ii) all residents are at 
home (did not consider commuting) (iii) the residential area per person is uniform. The exposed 
population was estimated by selecting the highest noise value of each floor and the amount of exposure 
was estimated by predicting the noise level at the site 1.0 meter apart from the building wall. 
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3. Results and Discussion 

3.1. Road Transportation Information and GIS for the City of Seoul 

In order to evaluate the traffic noise level and the population exposure, the roads with annual traffic 
volume of more than 6 million vehicles as well as the major roads of over 4-lanes were selected. These 
were chosen as noise sources according to the EU Directive 2002/49/EC. Road networks and sources 
of road noise in Seoul are shown in Figure 3. 



Figure 3. Road networks and sources of road noise in Seoul. 
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The traffic data such as average traffic volumes and light/heavy vehicles ratio for 25 districts of 
Seoul are represented in Table 1 . These data were acquired from the Department of Transportation and 
Police Agency of the City of Seoul. For the selected road noise sources, average traffic volumes per 
hour and light/heavy vehicles ratio by each district were used as input data. 

Exposed noise levels were estimated by putting terrain information such as contour line, and 
building information (e.g., building height), and population information into the noise-receiving point 
of the facade map, which was created at 1 .0 meter apart from the residential front. 
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Average Traffic 
Vol. (vehicle/h) 


Day- 
Time 


Night- 
Time 


Light 
Vehicle 


Heavy 
Vehicle 


L/H 
Ratio 


Average Traffic Vol. 
(vehicle/h) 


Day- 
Time 


Night- 
Time 


Light 
Vehicle 


Heavy 
Vehicle 


L/H 
Ratio 


Seocho 


3,672 


1,388 


4,880 


180 


27.1 


Gwanak 


2,198 


1,464 


3,446 


216 


16.0 


Gangnam 


1,465 


1,303 


2,632 


136 


19.4 


Guro 


2,775 


1,110 


3,694 


191 


19.4 


Nowon 


1,624 


1,344 


2,823 


145 


19.5 


Dongdaemun 


2,129 


1,068 


3,016 


181 


16.7 


Dobong 


1,387 


1,220 


2,449 


157 


15.6 


GangSeo 


2,094 


1,246 


3,135 


205 


15.3 


Gangdong 


1,418 


225 


1,586 


59 


27.1 


SongPa 


1,558 


1,135 


2,529 


164 


15.4 


Gwangjin 


1,978 


1,428 


3,136 


269 


11.7 


Yeongdeungpo 


1,334 


626 


1,841 


119 


15.5 


Seongbuk 


2,543 


1,901 


4,140 


304 


13.6 


Jungnang 


2,422 


944 


3,224 


142 


22.7 


Gangbuk 


2,399 


1,686 


3,899 


186 


21.0 


Mapo 


2,818 


1,877 


4,500 


194 


23.2 


Eunpyeong 


1,929 


1,273 


2,957 


246 


12.0 


Jongno 


3,324 


1,873 


4,978 


219 


22.8 


Yangcheon 


1.77 


1.062 


2.607 


225 


11.6 


Yongsan 


3,324 


1,873 


4,978 


219 


22.8 


Seongdong 


2,922 


2,115 


4,687 


351 


13.4 


Jung 


1,555 


1,063 


2,479 


140 


17.8 


Dongjak 


2,102 


1,225 


3,176 


151 


21.0 


Seodaemun 


2,761 


2,164 


4,623 


301 


15.3 


Geumcheon 


5,309 


2,523 


7,547 


286 


26.4 















3.2. Evaluation of Exposed Noise Levels at the Residential front by District in Seoul 

The noise levels by district at the residential front were estimated through modeling, using 
the terrain and noise sources information. Figure 4a is the 3-D facade map of Nowon-gu where 
the exposed population over the daytime standard [65 dB(A)] is largest in the Seoul metropolitan area. 
The colored buildings (except grey-colored) in Figure 4 are residential places, and the grey-colored 
buildings are commercial places. As shown in the figure, most residential places (dwelling houses) are 
concentrated near the roads. It shows a direct influence of road traffic noise at most residences. 
Figure 4b is a 3-D facade noise map of Gwanak-gu where the exposed population over the daytime 
standard [65 dB(A)] is smallest in the Seoul metropolitan area. 

Figures 5 and 6 are the 3-D facade maps which are the modeling results of noise levels. As shown 
in Table 1, the average traffic volume of Gwanak-gu was higher than that of Nowon-gu. However, we 
found that the exposed population was much higher in Nowon-gu than in Gwanak-gu. The percentage 
of the exposed population exceeding the daytime standard in Nowon-gu was 35.2%, but only 4.1% in 
Gwanak-gu. In this case, the distance from the road traffic noise sources was an important factor i.e., 
roadside residences were found to be the most vulnerable areas to traffic noise. Figure 5 is the grid 
noise maps of Nowon-gu and Gwanak-gu. A grid noise map method can only verify the influential 
distances and areas by noise levels on the pictures and has a limitation not to reflect the actual 
residential types. As shown in Figure 4, the commercial buildings depicted in grey, have been built 
around the main roads. These buildings play a role in cutting off the road traffic noises contrary to 
Nowon-gu, where the residences are directly affected by road traffic noise. We also know that 
the concentration density of apartments at roadsides is much smaller compared to Nowon-gu. 
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(a) Nowon-gu (b) Gwanak-gu 

Figure 5. Grid noise maps of two districts ("whole" gu). 
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(b) Gwanak-gu 



Figure 6. Percentage of exposed population exceeding the standard by district. 
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3.3. Estimation of Exposed Population of Road Traffic Noise by District in Seoul 

Exposed population by noise levels in Seoul was estimated using a 3-D noise map. The percentage 
of the exposed population exceeding the standards [daytime: 65 dB(A), nighttime: 55 dB(A)] is shown 
in Figure 6. 

As shown in Figure 6, it was revealed that eight districts (Seocho, Nowon, etc.) were found to have 
exceeded rate (percentage of exposed population exceeding the daytime standard) by more than 20%, 
and 11 districts (Dobong, Gangdong, etc.) had 10-20% and six districts (Gwanak, Geumcheon, etc.) 
had less than 10%, which shows considerable differences by districts. Particularly, the exceeded rate 
was highest (35.2%) at Nowon-gu and Yangcheon-gu since large-scale dwelling houses were 
constructed near the major roads in these two districts. There is an urgent need to manage the traffic 
noise to protect the residents of these two districts against the potential ill health effects. Moreover, for 
the nighttime noise levels, we found that five districts (Nowon, Dobong, etc.) had exceeded rate 
(percentage of exposed population exceeding the nighttime standard) by more than 50% and nine 
districts had 30-50%. Nowon-gu was highest in the exceeded rate of the nighttime standard (66.5%) as 
well as the daytime standard (35.2%). Additionally, the exceeded rates of the nighttime standard were 
higher than those of the daytime standard in all districts of Seoul, which means that a reduction 
measure should be primarily set for nighttime traffic noise. 

The distribution map for the population exposed to traffic noise by whole districts of Seoul is 
represented in Figure 7. Districts that exceeded the rate by more than 20% and less than 10% were 
mostly on the southern part of the Han-river. This map can be favorably used as a road traffic noise 
indicator to establish the reduction goal and determine the priority of a reduction policy. 

Figure 7. The distribution map for population exposed to traffic noise in Seoul. 




In Figure 8, proportions of the noise exposed population exceeding the daytime [65 dB(A)] and 
nighttime [55 dB(A)] standards in Seoul were compared with those of major cities in the EU. As 
shown in Figure 8, the average exceeded rate of the daytime standard in Seoul was approximately 
16.6% which is almost 3.6% higher than that of the EU (13.0%). The average exceeded rates of the 
nighttime standard in Seoul and the EU were 34.8% and 16.1%, respectively. The differences in the 
average exceeded rates of daytime and nighttime standards between Seoul and EU were 3.6% and 



Int. J. Environ. Res. Public Health 2014, 11 



2737 



18.7%, respectively. These data reveal that the Seoul metropolitan area is vulnerable, especially to 
nighttime road traffic noise and has the potential to cause serious annoyance and sleep disturbance. A 
proper reduction policy should urgently be taken for nighttime traffic noise. 

Figure 8. Comparison of exceeded rate in Seoul and major cities of the EU. 




3.4. Comparison of Population Exposed to Road Traffic Noise by Estimation Methods 

Previously, we mentioned that the population exposed to noise can be estimated using the grid noise 
map or the 3-D facade noise map. We compared the estimation results for Nowon-gu/Yangcheon-gu 
(having high exceeded rates) and Gwanak-gu/Geumcheon-gu (having low exceeded rates) using 
the above 2 different methods. Table 2 describes the percentage of the exposed population by noise 
levels using the above 2 methods. 



Table 2. Percentage of exposed population by noise levels using two different methods. 



Noise 
Level 



Percentage of Population Exposed to Noise (%) 



No won 



Yangcheon 



Gwanak 



Geumcheon 



Ld, 
dB(A) 


Using 
Grid 
Map 


Using 
Facade 
Map 


Using 
Grid 
Map 


Using 
Facade 
Map 


Using 
Grid 
Map 


Using 
Facade 
Map 


Using 
Grid 
Map 


Using 
Facade 
Map 


<49 


77.3 


19.5 


95.1 


31.3 


95.0 


72.0 


83.7 


62.9 


50-54 


5.0 


11.4 


1.2 


10.0 


0.7 


9.6 


3.5 


9.8 


55-59 


3.3 


14.8 


0.8 


11.0 


0.6 


8.1 


3.4 


11.5 


60-64 


3.0 


19.1 


0.6 


12.5 


0.6 


6.1 


3.0 


9.1 


65-69 


3.9 


23.5 


0.6 


18.9 


0.9 


3.5 


2.4 


6.1 


>70 


7.5 


11.7 


1.7 


16.3 


2.2 


0.6 


4.0 


0.6 



The exposed population, in grid noise map method, is calculated by (area by noise level/population 
density). In this case, the areas of high noise levels are relatively smaller than low noise levels since 
they are limited to the roadside. Therefore, as shown in Table 2, the population exposed to lower noise 
levels is normally over-estimated. In the case of Yangcheon-gu, the population exposed to noise level 
below 49 dB(A) was 95.1%, which means the population exposed to higher noise levels is much more 
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under-estimated in the grid noise map method. This method is not adequate to estimate the exposed 
population accurately for the Seoul metropolitan area where the houses are mostly concentrated near 
the road. However, since the 3-D facade noise map method considers the residential area per 
population as well as the noise level of the building, the results reflect the concentration density of 
population by districts and status of residential types. For this reason, the 3-D facade map method is far 
more accurate in estimating the population exposed to noise and can be effectively utilized in 
preparing the noise reduction plan. 

4. Conclusions 

We developed a 3-D noise map to estimate the road traffic noise levels and estimated 
the populations exposed to road traffic noise for 25 districts of the Seoul metropolitan area. 
The average traffic volumes and light/heavy vehicles ratios for selected road noise sources were 
acquired from the Department of Transportation and the Police Agency of City of Seoul. The average 
exceeded rates of the exposed population to road traffic noise of daytime [65 dB(A)] and nighttime 
[55 dB(A)] standards in whole districts of Seoul were estimated to be 16.6% and 34.8%, respectively. 
Two districts (Nowon-gu and Yangcheon-gu) were found to be the highest in noise exposure 
percentage (35.2%) over the daytime standard. For nighttime noise levels, five districts had exceeded 
rates (percentage of exposed population exceeding the nighttime standard) by over 50%. Nowon-gu 
took the 1st place in the exceeded rate of the nighttime standard (66.5%) as well as the daytime 
standard (35.2%). The exceeded rates of the nighttime standard were higher than those of the daytime 
standard in all districts of Seoul, which means reduction measures should be primarily taken for 
nighttime traffic noise. The differences in average exceeded rates of daytime and nighttime standards 
between Seoul and the EU were 3.6% and 18.7%, respectively. The percentage of the exposed 
population by different noise levels was compared using two different methods and we confirmed that 
the 3-D facade noise map method was far more accurate than grid noise map method. 
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